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Abstract.  We  suggest  combining  several  optical  methods  for  remote 
sensing  and  characterization  of  crude  oil  films  and  emulsions.  These 
are  coherent  fringe  projection  illumination  (CFP),  holographic  in-line  inter¬ 
ferometry  (HILI),  and  laser-induced  fluorescence.  The  combined  methods 
of  CFP  and  HILI  are  described  in  the  frame  of  coherent  superposition  of 
partial  interference  patterns.  It  is  shown  that  in  addition  to  detection  and 
identification  of  oil,  laser  illumination  in  the  green-blue  region  can  also 
degrade  oil.  This  finding  indicates  that  properly  structured  laser  clean¬ 
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1  Introduction 

Although  there  are  several  methods  of  remote  detection/iden¬ 
tification  of  cmde  oil  in  water  and/or  on  solid  surfaces,  there  is 
still  a  need  for  more  efficient  and  reliable  methods.1 
Spectroscopic  methods  allow  characterization  of  oil  composi¬ 
tion2  but  give  little  information  about  spatial  distribution  of  oil. 
Holographic  in-line  interferometry  (HILI)  allows  determina¬ 
tion  of  oil  film  thickness3,4  and  size  of  oil  droplets,  but  requires 
elaborate  image  processing.  Coherent  fringe  projection  (CFP) 
techniques  proved  to  be  efficient  in  noncontact  metrology  of 
microstmctured  objects.5  We  suggest  combining  HILI  and 
CFP  in  one  setup  for  improved  detection/identification  of  oil. 
We  propose  a  unified  approach  for  modeling  of  both  HILI  and 
CFP  that  is  suitable  for  remote  characterization  of  oil  films 
(spills)  in  sea  water.  This  modeling  approach  is  based  on 
the  concept  of  the  coherent  superposition  of  partial  interfer¬ 
ence  patterns.  Furthermore,  we  show  that  the  combination 
of  laser-induced  fluorescence  and  laser-induced  evaporation 
of  oil  may  provide  more  accurate  detection  and  a  new  method 
of  laser-induced  cleaning  of  oil  spills.6,7 

2  Experiments  for  Remote  Determination  of  Oil 
Droplets  and  Films 

The  methodology  and  experimental  setup  method  for  deter¬ 
mining  the  size  of  the  droplets  of  oil  on  the  water  surface  is 
based  on  illumination  of  the  oil/water  surface  by  an  interfer¬ 
ence  pattern  with  known  period  d.  Figure  1  shows  the  exper¬ 
imental  setup,  which  uses  a  diode-pumped  solid  state  laser 
with  wavelength  A  =  532  nm.  The  plane- wave  laser  beam 
with  diameter  24  mm  (1,  Fig.  1)  illuminates  a  glass  plate 
(with  wedge  angle  1.2"),  with  a  semi-transparent  back 
plane.  As  a  result,  the  interference  pattern  of  reflected  signals 
from  the  front  and  back  surfaces  of  the  plates  with  period 
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d  =  3  mm  illuminates  the  analyzed  object  (3).  Since  the 
glass  plate  is  illuminated  by  the  plane-wave  beam,  the 
reflected  beams  are  also  plane  waves,  and  its  interference 
pattern  period  does  not  change  with  distance. 

A  motor  oil  drop  was  placed  on  a  water  surface  and  its 
size  is  determined  by  comparing  it  with  the  known  fringe 
period  d.5  Figure  2(b)  shows  an  image  of  the  water  surface 
with  a  drop  of  oil,  the  size  of  ~3  mm,  defined  by  the  known 
period  of  layer  d  =  3  mm. 

When  the  drop  of  oil  spreads  it  is  illuminated  by  a 
wide  interference  pattern  that  cover  entire  surface  of  the  object 
(Fig.  3).  Interference  rings  are  the  result  of  interference 
between  the  reflected  beam  from  the  front  surface  of  the 
oil  droplet  and  a  plane  wave  reflected  from  the  water  surface. 

The  image  was  processed  by  a  graphics  editor  to  deter¬ 
mine  the  pixel-by-pixel  distribution  of  the  gray  scale  along 
the  frame.  A  one-pixel-thick  line  (white  line  X,  Fig.  3)  was 
chosen  and  scanned  perpendicular  to  the  interference  pattern 
along  the  entire  image  (total  of  300  pixels).  Figure  3  shows 
the  pixels’  brightness  distribution  (from  0  to  255  of  the 
gray  scale),  where  the  alternation  of  maxima  and  minima 
corresponds  to  the  a  priori  known  fringe  pattern  period 
d  =  3  mm.  By  dividing  the  value  of  the  d  =  3  mm  period 
by  the  number  of  pixels  between  the  maxima  (or  minima), 
we  found  that  1  mm  of  the  real  object  dimension  corre¬ 
sponds  to  ~20  pixels  of  the  image.  This  allows  determina¬ 
tion  of  the  motor  oil  drop  dimensions  by  the  graphics  editor 
pixel-by-pixel  scanning  of  the  object.  The  calculated  diam¬ 
eter  of  oil  drop  (Fig.  3)  is  D  ~  0.7  cm.  In  addition  to  mea¬ 
suring  the  size  of  the  object,  based  on  the  known  period  of 
fringe  pattern  d,  the  changes  of  the  interference  ring  width 
can  be  measured  and  used  for  reconstruction  of  the  oil  film 
surface  profile. 

The  reflection  of  oil  film  is  much  higher  than  the  reflec¬ 
tion  of  water,  so  the  reflected  signal  from  the  water  has  lower 
intensity.  However,  the  distorted  form  of  raster  bands  is  the 
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Fig.  1  The  experimental  set  up:  (1)  plane-parallel  laser  beam, 
(2)  wedged  glass  plate,  (3)  object,  (4)  lens,  and  (5)  screen. 


(a)  (b) 


Fig.  2  (a)  Image  of  interference  pattern  on  the  water  surface  and 
(b)  droplet  of  motor  oil  on  the  water  surface. 


same  in  both  media.  Therefore,  it  can  be  assumed  that  the 
shape  of  the  meniscus  at  the  border  section  of  the  oil  film 
and  water  are  the  same. 

For  investigation  of  large-size  oil  spots,  we  may  project 
fringe  pattern  on  the  selected  part  of  the  oil  spot  (Fig.  4). 

This  will  allow  finding  the  spot  size  from  the  interference 
pattern  period  d. 


Our  experiments  were  made  in  the  laboratory  with  still 
liquid  surface.  For  experiments  in  the  movable  liquid  surfa¬ 
ces  in  open  air  (lakes,  seas,  and  field  of  ocean),  it  is  possible 
to  use  pulsed  lasers  and  fast  charge  coupled  device  cameras. 

3  Theory  of  the  Stripe  and  Circular  Fringes 
Formation 

We  will  consider  the  interference  pattern  on  the  screen 
formed  by  the  two  near-parallel  waves  reflected  from  the 
oil- water  interface.  Modeling  of  this  interference  pattern 
may  be  regarded  as  a  version  of  in-line  holographic  interfere- 
ometry  modified  for  reflective  objects.  This  modification 
allows  investigation  of  unfocused  objects  on  the  remote  dis¬ 
tance.  The  complex  amplitude  of  these  two  fields  can  be 
written  as 

Si  =  ( Ri  +  Rid)Sio  exp (~ik,x).  (1) 

Here  the  reflection  coefficients  from  water  (Rt)  and  oil 
spot  (Rid)  and  input  amplitudes  (Slo)  can  be  presented  in 
the  form 

Ri  =  r,  exp (i(pt),  Rld  =  rld  exp (i<pld), 

Sio  =  \fh)  exp(i7/)/0), 

where  subscript  /  =  1,  2,  kt  is  the  x-component  of  the  wave 
vector,  x  is  a  coordinate  perpendicular  to  the  lines  of  the 
fringe  pattern.  For  near  collinear  propagation  of  two 
beams,  we  assume  that  the  reflection  coefficients  for  two 
beams  are  equal  (rx  =  r2  =  r,  rld  =  r2d  =  rd\  so  the  inter¬ 
ference  pattern  on  the  screen  may  be  presented  in  compact 
form: 

1  =  \Sl  +  ^2 1 2 

=  70(r  +  rd){  \  +  m  cos(</>)  +  M  cos ((f)) 

+  0.5mM[cos((/)  +  (p)  +  cos(</>  —  </>)]}.  (2) 

Here  70  is  input  intensity,  and  phases  are 
<P  =  <Po+  2icx/d,  cp  =  (pQ  +  ((pl-  <pid)  (3) 
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zero  indexes  means  that  possible  constant  phase  shift  may  be 
introduced  during  reflection  from  the  surface.  From  Eq.  (3), 
it  can  be  seen  that  (j)  is  phase  difference  between  plane 
(reflected  from  the  unperturbed  water)  waves  that  forms  par¬ 
tial  interference  fringe  pattern  with  contrast  M,  while  (p  is 
phase  difference  in  the  partial  interference  pattern  (with  con¬ 
trast  m)  formed  by  the  plane  wave  and  the  wave  diffracted 
from  the  oil  spot.  Intensity  of  intereference  pattern  [Eq.  (2)] 
may  be  interpreted  as  coherent  superposition  of  six  partial 
interference  patterns: 

1.  Main  (stripe-type)  pattern  formed  by  two  pairs  of 
plane  beams  and  by  a  pair  of  diffracted  beams  that  pro¬ 
duce  linear  fringes. 

2.  Interference  patttem  formed  by  each  plane  wave  and 
diffracted  from  the  circular  oil  spot  wave  that  produce 
ring  (coaxial)  patterns. 


circle  interference  pattern  by  combination  of  partial  dia¬ 
grams.  We  will  model  oil  film  convex-type  shape  on  the 
water  surface  as  a  product  of  two  shapes  (shown  on 
the  Fig.  5): 

1.  segment  of  sphere  with  curvature  radius  R  that  looks 
from  above  as  a  plano-convex  lens  with  radius  P  and 
height  h  (sagita),  and 

2.  step-like  function  F.  This  model  of  oil  thickness 
changes  Z  (as  measured  from  the  water  level)  can 
be  written  as 


Z(x.y) 


S)<PW 


{- 


exp 


b 

F 


-/) 

(P2  —  x2  -  y2) 


(4) 


These  four  patterns  are  combined  in  two  (stripe  and  circle) 
patterns  representing  quasi-parallel  beams.  Another  two  pat¬ 
terns  are  formed  by  coherent  superposition  of  striped  and 
circular  patterns.  This  coherent  superposition  of  partial  inter- 
ferograms  may  be  visualized  by  introducing  A;-vectors  dia¬ 
grams  that  correspond  to  the  left  and  right  sides  of  Eq.  (2). 

Upper  line  in  A:-vector  is  a  representation  of  the  combined 
A:- vector  pattern,  where  the  dense  arrow  represents  ^-vectors 
of  plane  waves  (reflected  from  smooth  water)  and  dashed 
arrows  denote  diffracted  on  oil  (slightly  divergent)  waves. 
On  the  right-hand  side,  five  partial  components  are  shown, 
each  of  them  relate  to  the  appropriate  term  in  Eq.  (2).  The 
lower  line  illustrates  the  formation  of  combined  stripe  and 


This  shape  of  the  oil  film  was  dictated  by  an  effort  to  sim¬ 
ulate  the  experimental  profile  of  the  oil  film.  In  this  simula¬ 
tion  parameter  b  (a  fitting  parameter  in  simulation  of  the 
shape  probe  function)  is  chosen  as  a  big  number  (in  the  order 
of  105  to  106)  in  an  effort  to  best  fit  the  experimental  shape 
of  the  boundary  of  the  oil  film  on  water.  The  relation  of  the 
phase  modulation  cp(x,  y,  z)  introduced  by  the  oil  film  can  be 
found  from  the  general  expression,  known  in  inferferometry 
of  reflective  surfaces  as 

f  2jTc\  -*  4  7i 

<p(x,y,z)—  ( y)(”‘S')  =  yz(x,y)cos(6>).  (5) 


Fig.  5  Scattering  interference  diagrams  that  illustrate  the  structure 
of  partial  interferograms  comprising  the  total  intensity  on  the  screen 
[see  Eq.  (2)]. 


Here  n  is  the  unit  vector  of  the  surface  deformation,  S  is 
the  so-called  sensitivity  vector,  equal  to  the  difference  be¬ 
tween  reflected  and  incident  wave  vectors,  and  6  is  the 
angle  of  incidence  (measured  from  the  z-axis). 

The  experimental  interference  pattern  of  the  oil-on  water 
spot  on  the  screen  (Fig.  3)  is  compared  with  the  theoretical 
one.  Choosing  a  set  of  parameters  P  =  0.369  cm,  D  = 
0.7  cm  {diameter  of  oil  spot  [parameter  x,  Fig.  6(b)]}, 
A  =  532  nm,  R  =  170  cm,  M  =  m  =  0.5,  b  =  8.5  X  105, 
Vo  =  =  0,  we  will  get  the  density  plot  of  intensity  on 

the  screen  and  plot  the  modeled  shape  of  the  oil  film  (a 
cross-section  in  xz  plane)  [Fig.  6(a)  and  6(b)]. 

For  parameters  best  fitted  experimental  density  plot 
m—M  —  0.5,  P  =  0.3369  cm,  D  =  0.7  cm  [parameter  x, 


(a)  (b) 

Fig.  6  (a)  Calculated  density  plot  of  the  combined  intensity  pattern  on  the  screen;  (b)  XZ  cross-section  of  the  modeled  surface  profile  of  the  oil  spot. 
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Fig.  6(b)],  R  =  170  cm,  b  =  8.5  X  105  and  assuming  no 
constant  phase  shift  during  reflection. 

4  Comparison  of  Experimental  Results  with 
Theoretical  Modeling 

In  the  presented  approach  for  deciphering  of  the  interference 
pattern  from  the  oil  spots,  we  used  a  method  of  probed 
shapes  by  modeling  oil  spot  surface  profile  with  functions, 
according  to  symmetry  of  spot  (in  our  case  by  convolution  of 
part  of  sphere  with  a  step-function  with  several  adjusted 
parameters).  Some  of  the  parameters  like  stripe  fringe  period 
d,  contrasts  of  partial  interferograms  m  and  M,  and  circular 
symmetry  is  estimated  and  deduced  from  the  experimental 
results.  By  varying  the  two  remaining  adjusted  parameters 
(curvature  radius  R  and  parameter  b  of  step-function),  we 
achived  a  best-fitting  comparison  between  experimental 
and  theoretical  density  plots.  This  fitting  allows  us  to  find 
maximal  height  (sagitta)  of  the  modeled  shape  of  the  oil 
circular  spot. 

For  practical  applications  in  this  straightforward  ap¬ 
proach,  we  should  start  from  the  experimental  interference 
pattern,  developing  the  model  that  relates  the  surface  profile 
of  oil  to  the  parameters  of  the  interference  pattern  that  is 
usually  encoded  in  the  phase.  Finding  the  phase  from  the 
interference  pattern  is  a  traditional  analysis  for  inter¬ 
ferometry,  and  even  with  simple  two-wave  interferogram, 
is  complicated  and  a  time-  and  effort-consuming  task.  Our 
approach  of  choosing  probed  function  for  the  oil  spot  surface 
with  parameters,  defined  by  best-fitting  comparison  with 
experiment,  may  work  well  for  the  shapes  allowing  modeling 
with  analytical  functions  (like  circular,  elliptical,  and  similar 
shapes). 

In  our  case  of  cylindrical  symmetry  oil  film  shape  is 
defined  by  two  parameters:  radius  of  spot  P  and  sagitta 
(height  h).  From  fringe  projection  pattern  radius  was  deter¬ 
mined  as  P  =  0.3  cm,  from  fitting  density  plots  oil  film 
maximal  thickness  h  (sagitta)  was  estimated  as  h  =  0.375 
microns  (see  Fig.  6). 

It  is  interesting  to  see  that  the  standard  intereferometric 
technique  of  determining  oil  thickness  by  counting  maxi¬ 
mal  number  N  of  fringes  for  circular  partial  interferogram 
also  applies  in  this  case.  For  our  case  (for  wavelength 
0.532  microns),  this  relation  can  be  written  as 

h  =  0.5x0.532  (/V-l).  (6) 

Counting  the  number  of  fringes  inside  the  circle  in  Fig.  6 
(N  —  1  =  15),  we  get  for  the  maximal  oil-spot  thickness 
(sagitta)  h  the  value  h  =  0.399  microns,  which  is  close  to 
the  value  of  h ,  used  in  modeling. 

5  Photoluminescence  of  Oil  Stains  on  the  Surface 
of  the  Liquid 

Laser  illumination,  used  for  CFP  and  HILI,  may  simultane¬ 
ously  excite  photoluminescence  from  the  oil.  This  lumines¬ 
cence  can  give  additional  spectral  information  useful  for 
detection  and  characterization  of  oil. 

Under  the  laser  illumination  of  the  oil  droplet  (motor  oil- 
SAE  15W-40  API  SG/CD),  A  =  532  nm,  the  photolumines¬ 
cence  phenomenon  was  observed.  For  the  visualization  of 
the  photoluminescence,  the  reflected  signal  from  the  object 
passes  through  a  linear  polarizer.  The  linearly  polarized  laser 
radiation  under  angle  /?  =  90-deg  does  not  pass  through  the 


X,  nm 

Fig.  7  The  spectral  distribution  of  photoluminescence  of  motor  oil 
under  excitation  by  laser  A  =  532  nm. 


tourmaline  plate.  Thus,  after  passing  the  signal  through  the 
polarizer,  only  the  photoluminescence  of  motor  oil  can  be 
seen  and  laser  radiation  is  completely  cut. 

The  spectral  distribution  of  photoluminescence  intensity 
of  motor  oil  with  wavelength  excitation  (2  =  532  nm)  is  pre¬ 
sented  in  Fig.  7.  As  can  be  seen  in  this  figure,  the  maximum 
is  close  to  the  yellow  spectral  band. 

Laser  illumination  also  allows  differentiation  of  oil  on  the 
water  surface  from  other  organic  targets  such  as  phytoplank¬ 
ton.  While  illumination  from  two  nearby  spots  by  interfer¬ 
ence  pattern  with  known  period  determines  the  size  and 
thickness  of  a  substance  (or  target),  laser  photoluminescence 
at  various  excitation  wavelengths  can  spectrally  fingerprint 
them.  This  can  be  achieved  even  without  the  use  of  a  mono¬ 
chromator,  which  can  be  difficult  when  the  monitoring  is  car¬ 
ried  out  from  a  ship  or  a  plane.  In  the  case  of  substantial 
differences  in  the  photoluminescence  wavelength  peaks,  it 
is  sufficient  to  place  filters  with  transmission  wavelengths 
close  to  the  photoluminescence  peak  of  oil  and  other  organic 
substances. 

6  Oil  Spill  Degradation  by  Laser  Light 

We  have  observed  rapid  degradation  of  oil  film  during  con¬ 
tinuous  wave  blue  laser  illumination  (wavelength  470  nm, 
power  about  100  mW).  Figure  8  shows  typical  results  of 
such  laser  degradation,  in  which  white  spots  are  produced 
from  about  2  s  laser  exposure.  Oil  droplet  clouds  are  clearly 
seen  during  laser-induced  oil  film  degradation.  It  is  reason¬ 
able  to  expect  that  a  properly  structured  interference  pattern 
will  contain  oil  film  due  to  the  gradient  forces  known  in  the 
optical  trapping  technology.6-8 

Oil  spill  clean-up  methods  include  addition  of  disper¬ 
sants,  hot  water  and  hot  pressure  treatments,  skimming, 


Fig.  8  Degradation  of  the  oil  spot  by  a  blue  laser  (470  nm)  illumina¬ 
tion,  the  picture  in  the  right  shows  amplified  (x40)  image  of  the 
selected  part  of  the  spot. 
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burning  of  oil  to  produce  a  tarry  residue  that  can  be  scooped 
up,  and  mechanical  removal.  Some  of  these  cleaning  meth¬ 
ods  cause  more  damage  to  the  environment  than  anticipated. 
The  laser  treatment  suggested  in  this  paper  offers  advantages 
with  respect  to  these  techniques  such  as  the  absence  of  addi¬ 
tional  residues  and  a  minimal  damage  to  the  underlying  sub¬ 
strate  material.  For  these  reasons,  laser  cleaning9  can  be  used 
as  an  alternative  or  complementary  method  in  oil  spill 
response  to  minimize  the  impact  on  the  environment  and 
human  health. 


6.  N.  Kukhtarev  and  T.  Kukhtareva,  “Dynamic  holography  in  material  sci¬ 
ence  and  microbiology,”  in  New  Directions  in  Holography  and  Speckle , 
H.  J.  Caulfield  and  C.  S.  Vikram,  Eds.,  pp.  193-216,  American 
Scientific  Publishers,  California  (2008). 

7.  N.  Kukhtarev  et  al.,  “New  optical  approach  to  decontamination  tech¬ 
nologies  based  on  photoinduced  running  gratings,”  Opt.  Eng.  37(9), 
2597-2600  (1998). 

8.  S.  Viznyuk,  P.  Pashinin,  and  A.  Sukhodolskii,  “Formation  of  dynamic 
diffraction  gratings  and  phase  conjugation  under  conditions  of  opto- 
capillary  profiling  of  thin  liquid  layers,”  Sov.  J.  Quant.  Elect.  21(5), 
560-464  (1991). 

9.  M.  P.  Mateo  et  al.,  “Laser  cleaning  of  Prestige  tanker  oil  spill  on  coastal 
rocks  controlled  by  spectrochemical  analysis,”  Anal.  Chim.  Acta. 
524(1-2),  27-32  (2004). 


7  Conclusion 

We  have  suggested  a  method  of  remote  detection  and  char¬ 
acterization  of  oil  spills  on  water,  based  on  a  combination  of 
CFP  and  HILI. 

Theoretical  modeling  of  CFP  and  HILI  is  based  on  the 
introduction  of  partial  interferograms  (stripe/circle  diagrams), 
that  in  paraxial  approximations  give  adequate  description  of 
oil  spots  with  near-spherical  or  elliptical  shapes. 

The  suggested  method  allows  determination  of  the  drop 
size  and  slicks  of  petroleum  products  accurately  from  a 
remote  distance  by  illumination  of  an  object  using  its  plane- 
parallel  interference  pattern.  Determination  of  oil  thickness 
films  on  the  sea  requires  pulse  laser  application  to  overcome 
the  effect  of  wind  and  wind  stress  on  the  water.  The  measure¬ 
ments  can  be  carried  out  remotely  (ship  and  aircraft)  using 
a  parallel  laser  beam  and  semi-transparent  plane-parallel 
plates. 

Structured  light  illumination,  in  addition  to  metrology, 
can  be  used  for  oil  spill  containment  and  as  alternative  means 
of  decontamination.  Laser  clean-up  of  the  oil  spill  can  be 
realized  with  the  same  setup  as  CFP  interferometry.  Switch¬ 
ing  functions  between  monitoring  of  oil  spill  and  clean-up 
can  be  done  by  simply  increasing  the  laser  intensity. 
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